The mechanisms regulating the generation of cell diversity in the mammalian cerebral cortex are beginning to be elucidated. In that regard, Hairy/Enhancer of split (Hes) 1 and 5 are basic helix-loop-helix (bHLH) factors that inhibit the differentiation of pluripotent cortical progenitors into neurons. In contrast, a related Hes family member termed Hes6 promotes neurogenesis. It is shown here that knockdown of endogenous Hes6 causes supernumerary cortical progenitors to differentiate into cells that exhibit an astrocytic morphology and express the astrocyte marker protein GFAP. Conversely, exogenous Hes6 expression in cortical progenitors inhibits astrocyte differentiation. The negative effect of Hes6 on astrocyte differentiation is independent of its ability to promote neuronal differentiation. We also show that neither its proneuronal nor its anti-gliogenic functions appear to depend on Hes6 ability to bind to DNA via the basic arm of its bHLH domain. Both of these activities require Hes6 to be localized to nuclei, but only its anti-gliogenic function depends on two short peptides, LNHLL and WRPW, that are conserved in all Hes6 proteins. These findings suggest that Hes6 is an important regulator of the neurogenic phase of cortical development by promoting the neuronal fate while suppressing astrocyte differentiation. They suggest further that separate molecular mechanisms underlie the proneuronal and anti-gliogenic activities of Hes6 in cortical progenitor cells.
Introduction
During mammalian cerebral cortex (cortical) development, pluripotent neural progenitor cells located in the ventricular zone lining the lateral ventricles give rise to neurons, astrocytes, and oligodendrocytes (Job and Tan, 2003) . Neurogenesis occurs first, followed by astrocyte and then oligodendrocyte cell differentiation. A number of extrinsic and intrinsic cues regulate the mechanisms that promote or inhibit the differentiation of different neural cell types (Bertrand et al., 2002; Ross et al., 2003) . In particular, the Notch signaling pathway plays an important role in inhibiting/delaying cortical neuron differentiation and promoting the undifferentiated progenitor state (Gaiano and Fishell, 2002, Kageyama et al., 2005) . In the embryonic cerebral cortex, multipotent progenitors correspond to radial glia, a specific subtype of astrocyte-like cells that possess neurogenic potential (Fishell and Kriegstein, 2003; Malatesta et al., 2003) . Notch signaling promotes the cortical radial glia fate (Gaiano and Fishell, 2002; Kageyama et al., 2005) . It also induces the differentiation of Mueller glial cells in the retina (Furukawa et al., 2000) and astrocytes in the spinal cord (Wu et al., 2003) .
Most of the neural functions of the Notch pathway involve the activity of the basic helix-loop-helix (bHLH) proteins Hairy/Enhancer of split (Hes) 1 and 5 (Gaiano and Fishell, 2002; Kageyama et al., 2005) . Hes1 and Hes5 are transcriptional repressors, the expression of which is activated in response to Notch stimulation. They act by recruiting Groucho(Gro)/transducin-like Enhancer of split (TLE) transcriptional corepressors to specific DNA sites to repress the expression of target genes (Ju et al., 2004; Nuthall et al., 2004) . In agreement with the ability of Hes1 repressor complexes to suppress the expression of proneuronal genes (Chen et al., 1997; Ross et al., 2003; Ju et al., 2004) , Hes1 inhibits neuronal differentiation in vivo (Ishibashi et al., 1994 (Ishibashi et al., , 1995 . Moreover, Hes1 drives undifferentiated progenitors to an astrocyte cell fate in the spinal cord (Wu et al., 2003) and promotes the differentiation of Mueller glial cells in the retina (Furukawa et al., 2000) . Recent studies have shown further that Hes1 facilitates complex formation between Janus kinase 2 and signal transducer and activator of transcription 3 (STAT3) thus promoting STAT3 activation (Kamakura et al., 2004) . Activation of STAT3 promotes astrocyte differentiation from pluripotent cortical progenitor cells (Sun et al., 2001; Kamakura et al., 2004) . Together, these observations suggest an involvement of Hes1 and Hes5 in the acquisition of the astrocyte cell fate in the CNS.
In contrast to Hes1/Hes5, a related Hes family member termed Hes6 promotes neuronal differentiation when exogenously expressed in murine retinal explants (Bae et al., 2000) and Xenopus neural plate (Koyano-Nakagawa et al., 2000) . Hes6 is expressed in the developing cerebral cortex (Bae et al., 2000; Pissarra et al., 2000; Vasiliauskas and Stern, 2000) , and exogenous Hes6 expression in undifferentiated cortical progenitor cells pro-motes the differentiation of supernumerary neurons (Gratton et al., 2003) . Here, we describe studies aimed at testing whether Hes6 is involved in the regulation of cortical astrocyte differentiation, in addition to promoting neurogenesis. Our results show that Hes6 inhibits astrocyte differentiation and that the molecular mechanisms underlying this function are different from those involved in its neurogenic activity.
Materials and Methods

DNA plasmids. Plasmids pCMV2-hemagglutinin (HA)-Hes6
WT , pCMV2-HA-Hes6
⌬WRPW (Gratton et al., 2003) , and pcTOPO-Hes6-VP16 (Gao et al., 2001) were described. A PCR-based strategy was used to generate the mutated constructs pCMV2-HA-Hes6 BAD [primers basic arm defective (BAD)-F, 5Ј-GTGGAGGAGAAGGAACGCGCACGGATCAA-3Ј, and BAD-R, 5Ј-GATCCGTGCGCGTTCCTTCTCCTCCAC-3Ј] and pCMV2-HA-Hes6 LMD [primers LNHLL-motif-defective (LMD)-F, 5Ј-CT-GAACTCGCGAACCACGCGCTAGAATCC-3Ј and LMD-R, 5Ј-GGAT-TCTAGCGCGTGGTTCGCGAGTTCAG-3Ј]. Plasmid pCMV2-HAHes6 AQ was obtained using the QuickChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) with primers AQ-F, 5Ј-GTGGAGAAGAAGC-GAGACGGACGCGCACGGATCA-3Ј and AQ-R, 5Ј-TGATCCGT-GCGCGTCCGTCTCGCTTCTTCTCCAC-3Ј. Wild-type and mutated Hes6 sequences were subcloned from pCMV2-HA into pCMV2-FLAG vector by restriction digestion with HindIII and BamHI. All mutations were verified by DNA sequencing. Plasmids pGEX1-Hes6
WT and pGEX1-Hes6 AQ were obtained by digesting pCMV2-FLAG-Hes6 WT or pCMV2-FLAG-Hes6 AQ with BglII and BamHI, and subcloning into the BamHI site of pGEX1. Constructs pCMV2-FLAG-Hes1, pGEX1-Hes1, pEGFP, pColLuc, p2xESE-Col-Luc, pNgn3-promoter-Luc, pNgn3-⌬Nbox-promoterLuc, and pRSV-␤-galactosidase were described previously (McLarren et al., 2000; Cossins et al., 2002; Nuthall et al., 2002; Gratton et al., 2003) .
Cortical neural progenitor cell cultures. Primary neural progenitor cell cultures were established from dorsal telencephalic cortices obtained from mouse embryos collected at stage 11.5-12.5 [embryonic day 11.5 (E11.5) to E12.5] and cultured in four-well chamber slides as described previously (Marcal et al., 2005; Theriault et al., 2005) . For RNA interference (RNAi) studies, ϳ2.0 ϫ 10 5 cells/ml were seeded and cultured for 2 d in vitro (DIV) in Neurobasal medium supplemented with 1% N2, 2% B27, 0.5 mM glutamine, 1% penicillin-streptomycin, and 40 ng/ml FGF2. After this time, cells were transfected as described previously (Marcal et al., 2005) with an enhanced green fluorescent protein (EGFP) expression plasmid (pEGFP; 300 ng/transfection) in the absence or presence (30 nM) of validated small interfering RNA (siRNA) duplexes (Ambion, Austin, TX); these included either negative control siRNA (identification number 4615), Hes6 siRNA (identification numbers 185198, 185199, and 73594), or Grg6 siRNA (Marcal et al., 2005) . Five days after transfection, cells were fixed and subjected to double-label immunocytochemistry and quantitation of the percentage of GFP-positive cells that were also positive for the expression of proliferation or differentiation markers using the following antibodies: mouse anti-Ki67 (cell proliferation marker; 1:100; BD PharMingen, San Diego, CA), mouse anti-neuron specific nuclear protein (NeuN) (neuron marker; 1:100; Chemicon, Temecula, CA), and mouse anti-glial fibrillary acidic protein (GFAP) (astrocyte marker; 1:300; Sigma, St. Louis, MO) (identical results were obtained using a rabbit anti-GFAP antibody from Chemicon). All images were captured with a black-and-white DVC camera mounted on an Axioskop 2 fluorescence microscope (Zeiss, Toronto, Ontario, Canada). Grayscale images were digitally assigned to the appropriate red or green channel using Northern Eclipse software (Empix, Missisauga, Ontario, Canada). For gain of function studies, cortical progenitor cells were cultured in the presence of FGF2 for 24 h and then transfected with pEGFP alone (200 ng/transfection) or in combination with Hes6 expression plasmids (800 ng/transfection) as described previously (Theriault et al., 2005) . After transfection, cells were first cultured in the presence of FGF2 for 12-24 h and then either incubated with FGF2 for an additional 48 h (assays to measure effect of Hes6 on neuronal differentiation) or switched to a medium lacking FGF2 but containing 50 ng/ml ciliary neurotrophic factor (CNTF) and leukemia inhibitory factor (LIF) (R&D Systems, Minneapolis, MN) to induce astrocyte differentiation (Sun et al., 2001) . Cells were treated with CNTF/LIF for various lengths of time (see figures for details) to examine the effect of Hes6 on astrocyte differentiation at different time points. Quantitation of the percentage of transfected cells that were expressing markers of proliferation or differentiation was as described above, except that a mouse anti-nestin antibody (neural progenitor cell marker; 1:400; Chemicon) was used in addition to the anti-Ki67 antibody.
Transient transfection/transcription assays. Cortical progenitor cells were seeded in six-well dishes (1.0 ϫ 10 6 cells/ml) and cultured throughout the experiment in the presence of FGF2. Cells were transfected with the appropriate plasmids 24 h after seeding as described previously (Theriault et al., 2005) . In each case, a ␤-galactosidase expression plasmid was cotransfected to provide a means of normalizing the assays. Cells were harvested 24 h after transfection, followed by measurement of luciferase and ␤-galactosidase activities (Gratton et al., 2003; Theriault et al., 2005) . Human embryonic kidney 293 (HEK293) cells were grown in DMEM supplemented with 10% fetal bovine serum, transfected with the appropriate plasmids, and subjected to analysis of reporter gene expression as described previously (McLarren et al., 2000 (McLarren et al., , 2001 . Results were expressed as mean values Ϯ SD.
Coimmunoprecipitation assays and Western blot analysis. Coimmunoprecipitation studies were performed by transfecting HEK293 cells for 24 h with plasmids encoding FLAG-or HA-tagged forms of wild-type or mutated Hes6 (500 ng/transfection), followed by cell lysis, immunoprecipitation with anti-FLAG antibodies (Sigma), and Western blotting (Gratton et al., 2003; Nuthall et al., 2004) with either anti-FLAG, anti-HA (Roche, Indianapolis, IN), or anti-Hes1 (Yao et al., 2001) antibodies.
Immunofluorescence. HEK293 cells were transfected with HA-or FLAG-tagged forms of Hes6 (500 ng/transfection), cultured on four-well chamber slides, fixed in HEPES-buffered saline containing 4% paraformaldehyde, and permeabilized in 0.1% Igepal as described previously (Nuthall et al., 2004) . Cells were then incubated with anti-HA or anti-FLAG antibodies followed by FITC-conjugated goat anti-mouse secondary antibody (Nuthall et al., 2004; Marcal et al., 2005) . Hoechst 33258 reagent (Sigma) was used to counterstain nuclei.
Electrophoretic mobility shift assays. Fusion proteins of glutathione S-transferase (GST) and either Hes6
WT , Hes6 AQ, or Hes1 were expressed and purified from bacteria as described previously (Gratton et al., 2003) . Each fusion protein was incubated with a double-stranded oligonucleotide containing two Enhancer of split E (ESE) box motifs (underlined), top strand 5Ј-GAAGGGTGGCACGTGCCATTTGGCACGTGCCA-TG-3Ј (Cossins et al., 2002) . Probes were labeled at both ends by filling in with Klenow DNA polymerase in the presence of [␣- 32 P]dCTP, and electrophoretic mobility shift assay (EMSA) experiments were performed as described previously (Yao et al., 2001; Cossins et al., 2002) .
Results
Hes6 inhibits astrocyte differentiation in addition to promoting neurogenesis
To examine the role of Hes6 during cortical neuron and glial cell differentiation, primary cultures of pluripotent neural progenitor cells were established from the dorsal telencephalon of E11.5-E12.5 mouse embryos. This defined primary culture system ("cortical progenitor cells") has been used extensively to study the functions of extrinsic and intrinsic factors during the progenitor-to-neuron transition (Ghosh and Greenberg, 1995; Morrow et al., 2001; Barnabe-Heider et al., 2005; Marcal et al., 2005) . Cultures of pluripotent cortical progenitors generate both neurons and glia, and these cells appear at days in vitro approximately equivalent to their time of appearance in vivo (Morrow et al., 2001; Shen et al., 2006 ).
An RNAi approach was used to knock down the expression of endogenous Hes6 in cortical progenitor cells. siRNA oligonucleotides specific for Hes6, but not control siRNA, were first shown to cause a significant decrease in Hes6 protein levels in transfected HEK293 cells without affecting the levels of other proteins ( Fig. 1 A-C) . Hes6 siRNA was transfected into cortical progenitors (together with enhanced GFP to mark the transfected cells) after 2 DIV, and individual cells were examined immunocytochemically 5 d later (7 DIV) for the expression of proliferation and differentiation markers ( Fig. 1 D) (data not shown). Compared with cells transfected with GFP alone or in combination with control siRNA, treatment with Hes6 siRNA was correlated with a decrease in the number of postmitotic neurons, detected by cell morphology (data not shown) (see Fig. 4 A) and the expression of the neuron-specific marker protein NeuN ( Fig. 1 E, bars 1-3). This result is in agreement with the previously demonstrated proneuronal activity of Hes6 in mouse cortical progenitor cells (Gratton et al., 2003) . The decrease in neuron cell number associated with transfection of Hes6 siRNA was not correlated with an increased number of Ki67-positive mitotic progenitors, but rather with a significant increase in the number of cells expressing the astrocyte marker protein GFAP and displaying astrocyte-like morphology ( Fig. 1 D, E, bars 5-7, 9 -11). The increased astrocyte differentiation was not simply a consequence of decreased neurogenesis, because knock down of the Grouchorelated protein Grg6 also caused a decrease in NeuN-positive neurons, as shown previously (Marcal et al., 2005) , but had no significant effect on astrocyte differentiation ( Fig. 1 E, bars 4, 8), and instead resulted in an expansion of the mitotic cell pool ( Fig.  1 E, bar 12 ). These results strongly suggest that Hes6 is involved in mechanisms that inhibit cortical astrocyte differentiation, in addition to promoting neurogenesis.
To examine this possibility further, Hes6 was exogenously expressed in cortical progenitor cells cultured in the absence or presence of CNTF and LIF, two potent inducers of the astrocyte fate (Sun et al., 2001 ). In the absence of CNTF/LIF (but in the presence of FGF2), exogenous expression of wild-type Hes6 (Hes6 WT ) significantly induced neuronal differentiation compared with GFP alone (Fig. 1 F, bars 1, 2). This effect was accompanied by a decrease in proliferating cells ( Fig. 1 F, bars 3, 4), suggesting that Hes6 promotes the recruitment of supernumerary precursors into the neuronal lineage. Only small numbers of GFAP-positive cells were observed under these experimental conditions (data not shown). In contrast, exogenous expression of Hes6
WT in cultures treated with CNTF/LIF did not have an effect on the number of differentiated neurons (Fig. 1G , bars 1, 2) but instead caused a significant decrease in the number of GFAPpositive cells (Fig. 1G , bars 3, 4). This effect was correlated with a parallel increase in the number of transfected cells that expressed the neural progenitor marker protein nestin (Fig. 1G , bars 5, 6). Similar results were obtained when Ki67 was used to label proliferating progenitors (data not shown). Together, these findings show that Hes6 is sufficient to promote the precursor-to-neuron transition in the absence of gliogenic stimuli. In the presence of CNTF/LIF, Hes6 can prevent the precursor-to-astrocyte transition but does not increase neuronal differentiation, resulting in an expansion of the neural progenitor cell pool. These observations strongly suggest that Hes6 both promotes neurogenesis and inhibits astrocyte differentiation during cortical neurogenesis.
Nuclear localization mediated by the basic arm is important for both neurogenic and anti-gliogenic activities of Hes6
Hes6 is a unique Hes family member characterized by an N-terminal bHLH domain containing a shortened loop region, followed by a helix3/helix4 domain, a PEST region containing consensus phosphorylation sites, and a C-terminal WRPW tetrapeptide that mediates binding to Gro/TLE transcriptional corepressors (Fig. 2 A) (Bae et al., 2000; Gratton et al., 2003) . To determine whether Hes6 regulates neuron and astrocyte differentiation through similar or different mechanisms, a number of mutated forms of Hes6 were generated to test the contributions of individual domains to its proneuronal and anti-gliogenic activities.
Previous studies have shown that Hes6 interacts with neither N box sequences (CACNAG), which are bound with high affinity by Notch-activated Hes proteins like Hes1, nor canonical E boxes (CANNTG), to which Hes1 binds with lower affinity (Bae et al., 2000; Koyano-Nakagawa et al., 2000; Cossins et al., 2002) . However, Hes6 was shown to interact in vitro with a specific type of E box sequence, the ESE box (TGGCACGTGCCA) (Jennings et al., 1999; Cossins et al. 2002) . The functional significance of this interaction was unclear, because studies in Xenopus embryos suggested that the proneuronal function of Hes6 is not dependent on DNA binding mediated by its bHLH domain (Koyano-Nakagawa et al., 2000; Cossins et al., 2002) . To examine further the contribution of direct DNA binding to the neural functions of Hes6, we generated a mutation in the basic arm of mouse Hes6 by changing two basic residues to acidic amino acids (Fig. 2 B) . This mutated protein, Hes6
BAD , was properly expressed (Fig. 2G , lane 3) but displayed an impaired nuclear translocation compared with Hes6
WT when transfected into COS7 cells (Fig. 3 , compare A-C and G-I ). This defect was correlated with the finding that, when compared with Hes6 WT , Hes6 BAD had a reduced ability to promote neurogenesis (Fig. 4 B, C, bars 1-3 ). Hes6
BAD also displayed a decreased capacity to inhibit astrocyte differentiation (Fig.  4 D 
, E, bars 1-3). Hes6
BAD was competent to dimerize with both Hes6 WT ( Fig. 3M -P, lane 2) and itself and interacted normally with Gro/TLE (data not shown). These results indicate that the basic arm mutation does not perturb Hes6 homodimerization ability. Together, these findings show that an intact basic arm is important for the nuclear localization of Hes6 and provide a correlation between the neural functions of Hes6 and its ability to become localized to nuclei.
Direct DNA binding through the bHLH domain is not important for the neurogenic and anti-gliogenic activities of Hes6
A decreased nuclear transport may reduce/prevent functions of Hes6 that depend on DNA binding. Alternatively (or in addition), it may preclude protein-protein interactions that occur in the nucleus. To examine these possibilities, we generated a mutation aimed at interfering with DNA binding mediated by the basic arm of the bHLH domain (if this indeed occurred in vivo) without perturbing nuclear localization. This mutation consisted of the insertion of two amino acids, alanine and glutamine, between the basic arm and helix 1 and was termed Hes6 AQ (Fig. 2C) . It was based on the previous demonstration that similar AQ insertions block the DNA binding of a number of other bHLH proteins (Sun et al., 2001; Lee and Pfaff, 2003) . The Hes6 AQ mutant was properly expressed and localized to the nucleus (Figs. 2G, lane 2, 3D-F ) and displayed a normal homodimerization ability ( Fig. 3M-P, lane 3) . To determine whether the AQ insertion affected the ability of Hes6 to interact with the ESE box, EMSA experiments were performed with bacterially purified fusion proteins of GST and either Hes6
WT or Hes6 AQ . These proteins were expressed at equal levels and exhibited the same electrophoretic mobility on SDS-PAGE (data not shown). Hes6 WT bound in a dose-dependent manner to a double-stranded oligonucleotide containing two ESE box motifs (Fig. 5A, compare  lanes 1 and 4; B, lanes 1-3) . This binding was decreased when an anti-GST antibody was included in the reaction mixture (Fig. 5A , compare lanes 4 and 5). Purified Hes1 also bound to the ESE box under the same conditions (Fig. 5A, lanes 1-3) , in agreement with the previous demonstration that Hes1 binds to E boxes, albeit with low affinity (Sasai et al., 1992) . The binding of both Hes6 WT (Fig. 5B, compare lanes 3 and 4) and Hes1 (data not shown) to the ESE box was significantly reduced in the presence of an excess of unlabeled oligonucleotide. In contrast to Hes6
WT , an equal amount of Hes6 AQ failed to bind to the oligonucleotide probe, indicating that the AQ insertion disrupts the ability of Hes6 to interact with the ESE box sequence (Fig. 5B, lanes 5-7) .
We next determined whether there was a correlation between the negative effect of the AQ insertion on the ability of Hes6 to bind to the ESE box and its ability to promote neurogenesis and/or inhibit astrocyte differentiation. Both proneuronal (Fig.  4 B, C, bars 1, 2, 4 ) and anti-gliogenic (Fig. 4 D-F, bars 1, 2, 4 ) activities of Hes6 AQ were essentially equivalent to those of Hes6 WT . These results strongly suggest that bHLH motifmediated interactions with ESE box sequences are not important for the neural functions of Hes6, either because Hes6 acts in a DNA binding-independent manner or because it does not bind with high affinity to ESE box sequences in vivo.
To examine these possibilities further, we tested whether Hes6 would repress transcription from ESE box-containing promoters LMD contains a 126 LNHLL-to-126 ANHAL mutation near the end of the helix3/helix4 domain. E, Hes6
⌬WRPW lacks the last four C-terminal residues, WRPW. F, In the Hes6-VP16 protein, the WRPW motif was deleted and replaced with the VP16 transcription activation domain. G, The indicated FLAG-tagged Hes6 proteins were transfected into HEK293 cells, followed by Western blotting analysis (WB) with anti-FLAG antibody (Ab.).
in cortical progenitor cells. A previously described (Cossins et al., 2002) reporter construct harboring the luciferase gene under the control of a fragment of the collagenase promoter linked to two ESE boxes ("2xESE-collagenase promoter") was used. This promoter exhibited a robust basal activity in cortical progenitor cells, which was designated as 100% (Fig. 6 A,  bar 1 ). Coexpression of Hes6 had no detectable effect on the activity of either the 2xESE-collagenase promoter (Fig.  6 A, bar 2) or a control collagenase promoter lacking the tandem ESE boxes (Fig. 6 A, bars 4, 5) . This lack of repressive effect was observed over a range of increasing Hes6 concentrations (data not shown). Similar to Hes6, Hes1 also failed to repress transcription from the 2xESE-collagenase promoter (Fig. 6A, bar 3) . In contrast, Hes1 repressed expression of a reporter gene under the control of the Ngn3 promoter, which contains tandem N boxes that act as high-affinity binding sites for Hes1 (Lee et al., 2001) (Fig. 6 A, bars 6,  7 ). This result shows that Hes1 was competent to repress transcription under those experimental conditions. We found that Hes6 also failed to suppress (or activate) the 2xESE-collagenase promoter in HEK293 cells (Fig. 6 B) . Together, these results suggest that Hes6 does not mediate transcriptional repression from promoters containing ESE boxes in cortical progenitor cells, although it can bind to this sequence in vitro.
A lack of repressive effect suggests either that Hes6 does not bind to ESE boxes in cortical progenitor cells or that transcriptional cofactors required by Hes6 may not be present, or may not form complexes with Hes6, in these cells. To address this question, a mutated protein was examined in which the C-terminal WRPW motif of Hes6 was replaced with the potent transcription activation domain of the herpes simplex virus protein 16. This chimeric protein was predicted to mediate transcriptional activation if bound to DNA. In agreement with this possibility, the same Hes6-VP16 fusion protein was shown to mediate transcriptional activation in muscle cells (Gao et al., 2001) . We found that Hes6-VP16 failed to activate the 2xESE-collagenase promoter (Fig. 6C , bars 1, 2) although it was properly expressed in the transfected cells (data not shown). Together, these results suggest that the DNA-binding ability of Hes6 is cell type-dependent and that Hes6 does not bind to, and does not mediate transcriptional repression or activation from, ESE (or N) boxes in cortical progenitor cells. These observations suggest further that Hes6 regulates neuron and astrocyte differentiation through mechanisms that are not dependent on DNA binding through its own bHLH motif but require nuclear localization mediated by the basic arm. 
The C-terminal WRPW motif is required for the anti-gliogenic, but not neurogenic, activity of Hes6
The lack of a correlation between the neural activities of Hes6 and DNA binding mediated by its own bHLH motif does not exclude the possibility that Hes6 might be recruited to DNA by either alternative DNA-binding sequences or interactions with other DNAbinding proteins. In either case, DNAassociated Hes6 is hypothesized to mediate transcriptional repression given its demonstrated ability to form complexes with Gro/ TLE corepressors through its C-terminal WRPW tetrapeptide (Gratton et al., 2003) . Previous studies have suggested that the WRPW motif is dispensable for the neurogenic function of Hes6 (Koyano-Nakagawa et al., 2000) . In agreement with this notion, we found that a mutated form lacking the WRPW sequence (Hes6 ⌬WRPW ) (Fig. 2 E) displayed a proneuronal activity similar to Hes6 WT (Fig. 4 B, C, bars 1, 2, 6). These results strongly suggest that transcriptional repression involving Gro/TLE proteins is not important for the proneuronal activity of Hes6.
In contrast to neuronal differentiation, Hes6
⌬WRPW failed to inhibit astrocyte differentiation (Fig. 4 D-F, bars 1, 2, 6 ), suggesting a role for transcriptional repression in that event. This possibility was further supported by the finding that, like Hes6 ⌬WRPW , Hes6-VP16 did not suppress astrocyte differentiation (Fig. 4 D-F, bars 1, 6, 7) . These results suggest that distinct mechanisms underlie different neural functions of Hes6. More specifically, they suggest that WRPW motifdependent mechanisms are important for Hes6-mediated inhibition of astrocyte differentiation but not promotion of neurogenesis. At least some of those mechanisms may involve transcriptional repression; if so, it is likely that Hes6 does not bind to DNA through its own bHLH domain and is instead recruited to DNA via alternative mechanisms, possibly through interactions with other DNA-binding proteins.
An LNHLL sequence within the helix3/ helix4 domain of Hes6 is important for inhibition of astrocyte differentiation but not promotion of neurogenesis
In all Hes6 proteins, the helix3/helix4 domain contains a short sequence (LNHLL) that resembles LXXLL motifs found in a number of transcriptional regulators. In several cases, LXXLL motifs were shown to act as short protein-protein interaction sites (Savkur and Burris, 2004; Mahajan and Samuels, 2005) . To examine the role of the LNHLL motif in Hes6 functions, we generated an LNHLL-motif-defective protein, 
Hes6
LMD , in which this sequence was mutated to ANHAL (Fig.  2 D) . A similar type of mutation abolishes protein-protein interactions mediated by LXXLL motifs of other proteins (Litterst and Pfitzner, 2002) . Hes6
LMD was localized to the nucleus, formed homodimers, and interacted with Gro/TLE corepressors similar to Hes6
WT , suggesting that these functions are not perturbed by this mutation (Figs. 2G, 3J -L, 3M-P) (data not shown). When expressed in cortical progenitor cells, Hes6
LMD displayed a proneuronal activity essentially equivalent to Hes6 WT (Fig. 4 B, C, bars 1, 2, 5). In contrast, Hes6 LMD failed to inhibit astrocyte differentiation (Fig. 4 D-F, bars 1, 2, 5) . These results suggest that the LNHLL motif contributes specifically to the anti-gliogenic, but not proneuronal, activity of Hes6, possibly by mediating specific protein-protein interactions.
Correlation between ability to suppress Hes1-mediated transcriptional repression and Hes6 anti-gliogenic, but not proneuronal, activity Hes6 can suppress the ability of Hes1 to mediate transcriptional repression (Bae et al., 2000; Gratton et al., 2003) . This finding suggests that Hes6 may promote neurogenesis and/or inhibit astrocyte differentiation, at least in part, by antagonizing the transcription repression function of Hes1 and/or other related Hes family members. Transient transfection assays in HEK293 cells showed that Hes6
WT completely suppressed Hes1-mediated repression of the Ngn3 promoter (Fig. 7A, bars 1-4) . Hes6 WT caused increased promoter activity even in the absence of transfected Hes1 (Fig. 7A, bars 1, 7, 8 ). This effect was not observed when a mutated form of the promoter lacking Hes1 binding sites was used (Lee et al., 2001) (Fig. 7B, bars 1-3, 6 -8 ). Hes1 had no repressive effect on the activity of this mutated promoter (Fig. 7B,  bars 1, 6 ). Because Hes1 is endogenously expressed in HEK293 cells (Fig. 7D, lane 2) , it is likely that exogenous Hes6
WT caused promoter activation in the absence of transfected Hes1 by inhibiting the activity of endogenous Hes1. In contrast to Hes6 WT , Hes6 LMD had no significant effect on Hes1-mediated repression when expressed at levels equivalent to the former (Fig. 7A , bars 1-6, 9, 10; C). Similarly, both Hes6 BAD and Hes6-VP16 failed to de-repress the Ngn3 promoter in the presence of Hes1 (Fig. 7E,  bars 1, 5-8) . These results show that the ability of Hes6 to translocate to nuclei is important for its inhibitory effect on Hes1. It is likely that Hes6 must be localized to the nucleus to participate in protein-protein interactions that affect Hes1 transcription repression functions (see Fig. 8 for possible mechanisms of Hes6 activity). In addition, Hes6 requires intact LNHLL and WRPW motifs to antagonize Hes1 activity. Because both Hes6 LMD and Hes6-VP16 fail to inhibit astrocyte differentiation, our results suggest a correlation between the ability of Hes6 to antagonize transcriptional repression by Hes1 (and/or other functionally related family members) and its anti-gliogenic activity. In contrast, because Hes6 LMD promotes neurogenesis like Hes6 WT (Fig. 4) , inhibition of Hes1-mediated transcriptional repression does not appear to be important for the neurogenic function of Hes6.
Discussion
In both mouse and Xenopus, Hes6 is preferentially expressed between the proliferative and postmitotic zones. The domain of Hes6 expression resembles that of the neuronal precursor gene, NeuroD (Bae et al., 2000; Koyano-Nakagawa et al., 2000) . Hes6 expression is not activated by the Notch signaling pathway, as is the case for repressor-type Hes genes (i.e., Hes1 and Hes5), but instead is positively regulated by Ngn1 (Koyano-Nakagawa et al., 2000) . These observations suggest that Hes6 is activated in committed neuronal precursors in which proneural genes have escaped repression by Notch-induced Hes proteins and are competent to drive neuronal differentiation. In this study, we provided evidence suggesting that the expression of Hes6 in committed neuroblasts has two important consequences: Hes6 promotes neuronal differentiation and suppresses astrocytogenesis. We also show that Hes6 nuclear localization ability is important for both of these functions. In contrast, an internal LNHLL motif and a C-terminal WRPW tetrapeptide are required for inhibition of astrocyte differentiation but not for induction of neurogenesis. Mutation of the LNHLL or WRPW sequences also impairs the ability of Hes6 to suppress Hes1-mediated transcriptional repression. These findings suggest that distinct mechanisms underlie Hes6 ability to promote or inhibit the differentiation of neurons or astrocytes, respectively.
Promotion of neurogenesis by Hes6 is correlated with neither Gro/TLE recruitment nor inhibition of Hes1-mediated transcriptional repression
We have shown that the proneuronal activity of Hes6 requires nuclear localization. Because Hes6 interacts with transcriptional corepressors of the Gro/TLE family through its WRPW tetrapeptide (Gratton et al., 2003) , a requirement for nuclear localization may suggest a role for DNA binding and Gro/TLE-mediated transcriptional repression. In possible agreement with this hypothesis, Hes6 represses transcription in a WRPW motifdependent manner when targeted to DNA as a fusion protein with a heterologous DNA-binding domain (Gao et al., 2001) . Moreover, Hes6 was reported to repress transcription in transfected muscle cells, although it was not determined whether that ability was dependent on an intact WRPW motif (Cossins et al., 2002) . However, several previous and present observations argue against the possibility that mechanisms involving direct DNA- Reporter constructs (1.0 g/transfection) were transfected alone or in combination with plasmids encoding the indicated proteins. In all panels, luciferase activity in the absence of effector plasmids was considered 100%; activities in the presence of effector plasmids are expressed as the mean Ϯ the SD (n ϭ 4). binding and transcriptional repression are important for the proneuronal function of Hes6. Mutation of the basic arm of the bHLH domain of Xenopus Hes6 (presumably in a way that did not decrease its nuclear localization) did not impair Hes6 neurogenic ability (Koyano-Nakagawa et al., 2000) . In agreement with that observation, we found that the insertion of alanine and glutamine residues between the basic arm and helix 1 of the bHLH domain, a mutation that disrupts binding of Hes6 to the ESE box sequence in vitro, does not perturb the neurogenic effect of Hes6. Moreover, although Hes6 binds to the ESE box in vitro, it does not mediate transcriptional repression from an ESE boxcontaining promoter in cortical progenitor cells. This situation may reflect the fact that either Hes6 does not bind to ESE sequences in vivo or high-affinity binding is modulated by cell typespecific cofactors that are not present in cortical progenitors.
The notion that Hes6 promotes neurogenesis in a DNA binding-independent manner is also consistent with investigations showing that removal of the WRPW motif has no effect on Hes6 proneuronal activity in Xenopus neural plate (KoyanoNakagawa et al., 2000) and mouse cortical progenitors (our study). These results argue against a model in which Hes6 promotes neurogenesis by binding directly to ESE box sequences (or other related sequences yet to be characterized) and recruiting Gro/TLE proteins to repress transcription. Because a fusion protein of Hes6 and the DNA binding domain of GAL4 does not mediate transcriptional activation (Gao et al., 2001) , it also appears unlikely that Hes6 induces neuronal differentiation by transactivating gene expression. Thus, these combined observations suggest that Hes6 regulates neuronal differentiation via mechanisms that rely on protein-protein interactions rather than Hes6 intrinsic DNA-binding ability via its bHLH domain. It is worth noting that other regulators of neuronal development, most notably the members of the Id protein family, were shown to require nuclear localization and protein-protein interactions, but not DNA binding, for their biological activity (Ross et al., 2003) .
It is possible that Hes6 acts by binding to, and inhibiting, other bHLH factors that exert a negative influence on the transactivating functions of the proneural proteins. A likely target is Hes1, which is known to both interact with Hes6 (Bae et al., 2000) and reduce the transcriptional activity of proneural proteins via protein-protein interactions (Sasai et al., 1992; Bae et al., 2000) . Hes6 may act by dimerizing with Hes1 and titrating the latter away from Ngn:E protein complexes (Fig. 8 A) . This effect would antagonize the transcription repression activity of Hes1:Gro/TLE complexes bound to Ngn:E protein dimers (Giagtzoglou et al., 2003) , thereby increasing the transactivating functions of Ngns (and/or other proneural proteins) and resulting in a promotion of neuronal differentiation. Another possibility is that Hes6 may induce neurogenesis by forming homodimers that have no intrinsic DNA binding ability in cortical progenitors but are able to associate with specific cofactors that are required by other antineurogenic DNA binding proteins. In doing so, Hes6 may sequester those cofactors away from DNA, thus limiting their availability and influencing the transcriptional functions of other proteins (Fig. 8 B) .
The present results also show that a number of mutations that block the inhibitory effect of Hes6 on Hes1-mediated transcriptional repression have no consequence on Hes6 neurogenic function, although they impair Hes6 anti-gliogenic ability. This situation is consistent with the temporal profile of Hes1 and Hes6 expression during neurogenesis. Hes1 is expressed in uncommitted progenitors and generally precedes the expression of Hes6 (Koyano-Nakagawa et al., 2000) . Together, these observations strongly suggest that Hes6 promotes neuronal differentiation by increasing the biochemical activity of proneural proteins and not Figure 8 . Possible mechanisms of Hes6 activity. A, Hes6 forms heterodimers with Hes1 in committed neuronal precursors and prevents Hes1 from recruiting transcriptional corepressors like Gro/TLE to DNA-bound Ngn:E12 heterodimers, thereby relieving repression and promoting the transactivating functions of the latter. Target genes encode factors that induce neuronal differentiation. This effect is WRPW motif independent. B, Hes6 homodimers titrate away transcriptional corepressors other than Gro/TLE from a yet to be characterized DNA-bound transcription factor(s) (TF) that inhibits neurogenesis, causing increased neuronal differentiation. This de-repression is WRPW motif independent. Target genes may encode factors that induce neuronal differentiation and/or factors that inhibit astrocyte differentiation. C, Hes6 homodimers titrate away Gro/TLE corepressors from DNA-bound Hes1 homodimers. This effect depends on the WRPW motif of Hes6 and prevents transcriptional repression of target genes that inhibit astrocyte differentiation, possibly including Ngn1. D, Hes6 homodimers form complexes with Gro/TLE, and these complexes are recruited to DNA by a yet to be identified transcription factor(s) (X). Targeting of Hes6:Gro/TLE complexes to DNA results in the transcriptional repression of genes that promote astrocyte differentiation. This mechanism requires the WRPW motif; the LNHLL sequence of Hes6 may be involved in binding to transcription factor X. E, Hes6 homodimers titrate away Gro/TLE corepressors from Hes1:Ngn:E12 complexes, promoting activation of Ngn1 target genes (possibly including autoactivation of Ngn1 itself). This mechanism depends on Hes6 WRPW motif. F, Hes6 forms heterodimers with Hes1 and these dimers bind to Gro/TLE in a WRPW motif-dependent manner, resulting in the formation of Hes1:Hes6:Gro/TLE complexes that are targeted for degradation. This effect causes the de-repression of Hes1 target genes and the suppression of other functions of Hes1 that rely on protein-protein interactions.
